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Neutrino mass

-

Cosmology

potential: m, = 10 - 50 meV

~

-

Search for OVRR

potential: mgg =7 -17 meV

TuTl

-

Kinematics of B-decay

potential: mg =10 - 200 meV
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Direct neutrino mass measurement

ms = Zerilz - mf
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The challenge

* Ultra-strong -source: 10! decays/s
* Low background level < 0.1 cps
* Excellent energy resolution ~1eV
. . region close to 8 end point
* Precise understanding of spectrum
0.8
5 |
b entire S, 06
o 13
" spectrum 5 | Only 1013 of
< 04 [ all decays in
06 = 1
» I
o | ast1eV
04 :
0.2 0 »
0 | 1 3

2 6 10 14 18
electron energy E [keV]
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Where do we stand?

e Limit before KATRIN 15t Results:

1
10— 7 T ] Mainz and Troitsk Experiment

Limit before KATRIN 15t Results | V. N. Aseev et al., Phys. Rev. D 84 (2011) 112003
| Kraus, C., Bornschein, B., Bornschein, L. et al. Eur.

Phys. J. C (2005)
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Where do we stand?

e Limit before KATRIN 15t Results:

1
10 7 7 Mainz and Troitsk Experiment
I Limit before KATRIN 15t Results V. N. Aseev et al., Phys. Rev. D 84 (2011) 112003
Kraus, C., Bornschein, B., Bornschein, L. et al. Eur.
0 Phys. J. C (2005)
10 §

On-going experiments * Ongoing experiments:
Distinguish between degenerate

and hierarchical scenario

Effective mass m,, (eV)

10 = " " ......1—3 " " ......1-2 L Y =3 el 0
10 10 10 10 10

Lightest mass eigenstate M. (€V)
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Where do we stand?

1
10

Effective mass m,, (eV)

Susanne Mertens
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Limit before KATRIN 1st Results

going experiments

Lightest mass eigenstate M. (€V)
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e Limit before KATRIN 15t Results:

Mainz and Troitsk Experiment

V. N. Aseev et al., Phys. Rev. D 84 (2011) 112003
Kraus, C., Bornschein, B., Bornschein, L. et al. Eur.
Phys. J. C (2005)

* Ongoing experiments:
Distinguish between degenerate
and hierarchical scenario
* New ideas:

Resolve normal vs inverted
neutrino mass hierarchy
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Tritium and Holmium

L Vg

wpz 7,
©
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3H 163Ho

super-allowed -decay electron-capture decay
Ty, 123 vyears 4500 years
= 18.6 keV 2.8 keV
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Tritium and Holmium

gle=d
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region close to 8 end point

Experimental efforts

m(ve)=0eV

g counting secton enery e E-Eyl)
Electrostatic T
fllter (MAC'E) threshold

frequency heat

Cyclotron

Radiation Phonons
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Experimental efforts

KATRIN
(Tritium)
, Ptolemy Holmes
( Electrostatic (Tritium) (Holmium)
_filter (MAC-E) - —

Project-8
(Tritium)
S

& ECHo

| (Holmium)

[ Cyclotron .

. Phonons :

Radiation )
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Experimental efforts

KATRIN
(Tritium)

f Electrostatic
filter (MAC-E)

Cyclotron
Radiation

Phonons J

Susanne Mertens



UNIVERSITY OF

N\ ok ke M WASHINGTON
* -\&\-\ HEIDELBERG
[ QA ,

A o . | CASE WESTERN RESERVE
Jiil§ Karlsruher Institut fiir Technologie UNIVERSITY  ro a6
. T S — —— WESTFALISCHE think beyond the possible
— WILHELMS-UNIVERSITAT
Fulalu MUNSTER H B Massachusetts
I I Institute of
of Sciences Technology

Ap-Byzit

The Czech Academy
Max-Planck-Institut fiir Physik .
s _waon g, of Sciences

Hoch_sc_hule Ful_da g i ' EI](N)IIVIVPE IPE]_’SI‘:IEDN_AS]IE):
 Experimental site: Karlsruhe Institute of Technology (KIT) e N

JGlu = ) "
universitatbonn

jonannes GUTENBERG
UNIVERSITAT MAINZ ~

TECHNISCHE ,:}l 1
UNIVERSITAT
MUNCHEN BERKELEY LAB

* International Collaboration (150 members)

» Design sensitivity: 0.2 eV (90% CL)
(1000 days of measurement time)

ars

-

2
.-1;"q\ b W
i b \

.-

¥

|

” WARRES



ﬂr-ﬂf%‘fm

KATRIN Working Principle

Windowless gaseous tritium source
* molecular tritium in closed loop system
e 10 decays/s

15
Susanne Mertens
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KATRIN Working Principle

Transport section
* magnetic guidance of electrons (@ 4 T)
* tritium flow reduction by > 10'# + tritium ion removal

16
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KATRIN Working Principle

Spectrometer section (MAC-E)
* high resolution~ 1 eV
* large angle acceptance 0 - 51°

17
Susanne Mertens



KATRIN Working Principle

Focal plane detector

e 148-pixel Si-PIN detector
e counting of electrons
p : \

—— Model
{  Measurement

L

18400 18450 18500 18550 18600
Retarding energy [eV§
Susanne Mertens



KATRIN Working Principle

Forward Beam Monitor

Gaseous krypton source
Activity monitoring @ 0.1%

8

Intensity per *™Kr decay %)
8 8
<y
i
‘v ]
<. "

40

Electron gun

7 of | & oo o L High Voltage System
/‘ ' | A P ;’{.”2 ' : - = HV monitoring @ ppm-level
/ Energy [keV] — % g

A |
~

-

Laser Raman System

Gas composition monitoring @ 0.1%
19
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First neutrino mass campaign in 2019

First ever high-activity tritium operation of KATRIN

* Measurement time: I
_,_——ﬂ"""ﬂ"f'ﬂil‘jﬂj ‘\
* Gas density: w,‘ — \,‘
i‘ PHY ‘»,
* Isotopic purity: | 8 REVIEW Kl
V71 t‘; LETTENiiﬂ’LOW l}‘,

* Source activity: \ B i

’
* Total statistics:

Susanne Mertens
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Measurement strategy

* #HV set points: 27 B-decay : background
1014 spectrum : region
* interval: E,—40eV, E,+50eV
- =
* up/down scanning: 274 x 2 hours 2 :'S
&) 1O
* HV stability: 20 mV (ppm-level) g o
EE 100 - :
[ ] 1 | | |
RER AR [ | |
o _ 401
£2
S ahasanass S0 an ]
B == P §,§ N ‘ HH I ‘
EEEEEER 2 = :
T""" Iilw'i! !==_ E ollllllllllll 111 L , :
- 18540 18560 18580 18600 18620
Retarding energy (eV)

21
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Tritium spectrum calculation

x10~1° 10 —
1.01 —— D(E) R(E, qU) j_f_»,f---H’-‘“’*
- 0.81
E 0.8 1
S 06 7 061
5 g |
2 0.4 Eo 5 041
@ I'(qU) o A - f D(E;m},Eq)-R(qU,E)dE +B © ||
& 0.2 qu 0.2
0.0 : : : : : : . 0.0+ : : : .
0.0 2.5 5.0 75 10.0 125 15.0 175 - 0 20 40 60 80 100
Energy (keV) £ Surplus energy (eV)
Integral spectrum
* Molecular final states 101' * Spectrometer resolution
* Doppler broadening S e Scattering in the source
[}
* Radiative corrections & * Synchrotron radiation
0
[ J 10 2 [ J
YR N T R SN TN AN TR T TN TR NN TN S N N NN S
. 18540 18550 18560 18570
Y-T. Lin et al, Phys. Rev. Lett. 124, 222502 (2020) Retarding energy (eV)
M. Kleesiek et al, EPCC, 79 (3) (2019)

A. Saenz et al, Phys. Rev. Lett. 84, 242 (2000) + updates
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Blinded analysis

/Freeze analysis on MC-twin data \ /Blinded model \

* MC-copy of each scan (withm,=0eV) * Modified molecular final state dist.

25F 25f y

.y .y Ou O
z t z t ks
£ d %, MC Y © !
o o
¢, truedata | i* copy : |
£ 100 £ 101 a"““‘c $-x
E H E Wy i J
© 0 © 0 }

sk . sf . 2 <O

of, L ey e 0o L ok, LTy W L w

-40 -20 0 20 40 -40 -20 0 20 40
Energy relative to endpoint (eV) Energy relative to endpoint (V) \ /

1

Kl'wo independent analysis strategies \
* Covariance matrix
* Monte Carlo propagation

.

23
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Systematic uncertainties

* time correlation

* retarding 9
\ potential dependence

4 I
/Molecular Final States ) Background: @ o
e

cattering \ /I\/Iagnetic fields £ EEEEESEEEESE! 7};*3 — |
* energy loss e source
e column density * spectrometer

.\/ detector Q (I:)::bination a

24
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Budget of uncertainties

we are largely statistics dominated !!!

Stat. only 0.97

Non-Poisson bkg.
Background slope
Source properties

Magnetic fields

Scan fluctuations

— since May 2020
Final states 0.02 improved radon-retention system

0.0 0.2 0.4 0.6 0.8 1.0
1o uncertainty on m2 (eV?)

S. Goerhardt et al., JINST 13 (2018) no.10, T10004
Susanne Mertens S. Mertens et al, Astropart. Phys. 41 (2013), 52—-62



Full data set

Count rate (cps)
S

Residuals (o)
o

Time (h)

-40
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{ KATRIN data with 1o errorbars |

— Fit result |
-10 0 10 20 30 40
Stat M Stat + sys -
-10 0 10 20 30 40

T T T T T T T T T T

..‘ \.-.‘.l....ln..l

40 0 10 20 30 40
Retarding energy - 18574 (eV)

* 2 million events

* 4 free parameters:

background, signal normalization, E,, m

* excellent goodness-of-fit:

p-value = 0.56

ApBy>t fm
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Final fit result and upper limit

N t KATRIN data with 10 errorbars | * 2 million events
2l — Fit result |
o0 - * 4 free parameters:
£ background, signal normalization, E,, m>
§ ool | * excellent goodness-of-fit:
Q | p-value = 0.56
O
S -40 -30 -20 -10 0 10 20 30 40 ) )
w of ' ' ' Stat BB Stat » oys | . Nezutrmo mastr(I)ogst fl;[.
© [ . o = ] — —_ :
_g 0_ . o.o ~ - . oo. ) - . o] mv ( 1. O_ll)ev
é b * Improved upper limit:
40 -30 -20 -10 0 10 20 30 40

, - , , , , m, <1.1eV@ 90% CL
=) ]
0 ]
£ ]
I_ . A i PR 1 PR 'R ST TN TN T (N S T 1 .:

%0 30 20 -10 0 10 20 30 40
Retarding energy - 18574 (eV)
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Final fit result and upper limit

Susanne Mertens

Retarding energy 18574 (eV)

. + KATRIN data W|th 50 N errorbars
(7)) —
Q o1k Fit result ]
O :
o)
S ]
©
| -
T
S 100k E
8 ; ]
[ i i L]
1 1 L .I.T.T. L :[. .|. L .T. L T L g 3 a1 4 4 .T.'
< 10 0 10 20 30 40
0 Stat -Stat ' sys .
g . e © . ! ]
O ™ . .
w L J
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o 10 0 10 20 30 40
g i
O _'
£ ]
- At A | N T £
40 -30 -20 -1 o 20 30 40

2 million events

4 free parameters:
background, signal normalization, E,, m

excellent goodness-of-fit:
p-value = 0.56

Neutrino mass best fit:
= (-1.0137)eV?

Improved upper limit:
m, <1.1eV@ 90% CL

2
v
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Historical context

Squared neutrino mass values obtained from tritium 3 -decay in the period 1990-2019
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‘/

100
- + Los Alamos Phys.Lett. lese (1991) 105-111 ¢ MainzlPhys.Lett. B300 (1993) 210-216‘ ® Troitsk Phys.Lett. 335‘0 (1995) 263272 ¢ Mainz Elur.Phys.J. C40 (2005) 447-468[ 7 .
I 4 Tokyo Phys.Lett. B256 (1991) 105-111 *  China Chin.J.Nucl.Phys. 15 (1993) 261 ¢ Mainz Phys.Lett. B460 (1999) 219-226 & Troitsk Phys.Rev. D84 (2011) 112003 | Effect|ve 5 days of data
i #  Zurich Phys.Lett. B287 (1992) 381-388 ® LLNL Phys.Rev.Lett. 75 (1995) 3237-3240 & Troitsk Phys.Lett. B460 (1999) 227-235 & KATRIN 15t Science Run i
50 - Sl ° Stat.error: + 2
i il ° Syst.error: +6
0F ¢ = ¢ . .
e i * [ ]
> . 2005 2011 2019
Q9 50— 5 | |
6 : 4
—~ B — 1 L
27100 - %
i Yo 1 — 9 » 1]
150~ 1 ~ T 1
L NE _2 - - 4
200 L 5l t Mainz ¢ KATRIN 1% Science Run | -
. t Troitsk PDG 2019 Average :
L , i
_ [ | | | | \ | L]
1990 1995 2000 2005 2010 2015 2020
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Susanne Mertens

KATRIN Collab, Phys. Rev. Lett. 123, 221802
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KATRIN - outlook

v 2"'m_ campaign @ full source density

x106 /L /L /L
- " " " y . completed (4 mio electron, ~0.7 eV sensitivity)
N 6 —— Tritium commissioning ]
g - —— 1%t m, campaign ’
S oF - ERRA d understanding of |
X °F _ ond i, campaign : mproved understanding of source plasma
(V)] B -
S 4 X Startof 3" m, campaign = v'Reduced background level
g, f
@ 3F E
S r - v 39 m_ campaign started 2 weeks ago
'4(_:; 2 — — \Y
S F . v’ Low sub-eV sensitivity will be reached in
£ 1 = the near future
O .
I —]
O a1 | 11 | 1 IIII“ 1 | 11 | | IIIIII | I 11 | | lIIII | —
Q9 A 19 Q5 Q09 02 22
48000 1g 067 (g 0830 0907 91007 g 400 20087
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Experimental efforts

[ Electrostatic }

filter (MAC-E)

Project-8
(Tritium)

E‘ >

(" Cyclotron

Radiation Phonons }
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Case Western Reserve University
Harvard-Smithsonian Center for Astrophysics
Johannes Gutenberg-Universitat Mainz
Karlsruher Institut fur Technologie

Lawrence Livermore National Laboratory
Massachusetts Institute of Technology
Pacific Northwest National Laboratory
Pennsylvania State University

University of Washington

Yale University
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Project 8 — Working principle

» Detection of cyclotron radiation with

antenna array

* Cyclotron Radiation Emission

Spectroscopy (CRES)
Wo eb
w(y) = =
@) y E+m,

B. Monreal and Joe Formaggio, Phys. Rev D 80:051301

Antenna array

S8R R

% S % &



Project 8 — Phase 1: proof of concept

25
Krypton gas 792
L
\: 790 20
‘ i g S
. T = 788 é)
© N =
J . L e o 786 g
. o N 3
. 0 > 784 =
o _o 8 10 @]
) ~ [} N
% 2 o
** =2 g 782 =
T © L n
L]
. 780 5
778
Waveguide
CUt'away Time (ms)

D.M. Asner et al., Phys. Rev. Lett. 114, 162501 (2015)



Waveguide
Cut-away

D.M. Asner et al., Phys. Rev. Lett. 114, 162501 (2015)

o|youd des pjai4-g

Frequency - 24 GHz (MHz)

792

790 Electron scatters of gas, losing energy

and changing pitch angle
288 ging p g

786

784 ______-—-““‘) '

Energy loss increases frequency

782

780

Onset frequency yields initial
778 kinetic energy

Signal-to-noise ratio (linear)



Project 8 — Phase 2: tritium

v’ Energy resolution:

v Energy linearity:

v Tritium endpoint measurement:

v’ Background estimation:

2.0+0.1eV (FWHM)

< 50 meV (ppm-level)
E, = 18559.472%2 eV
< 3x1071Y evisgtl

200 < ™
/\'/./ "\.\ — Posterior predictive fit
1751 % A "\ - 1o posterior quantiles
v S —.- 20 posterior quantiles
1501 . \ﬁfj = \\\ 1§11 Tritium data
NN N Y
I 4 x\_\ \ O\
1257 ~RNRY
b ST
c SO
S5 100_ N\, “'
\. M\ N
8 N \1 .
751 \ \
‘\\\\r N \\.\.\
] NN Measured
>0 RN 1 endpoint
- \
I o, P
see talk of Noah Oblath 251 K 90% credible
at Neutrino-2020 ] tritium spectrum RN
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«

3501  krypton calibration
300/ (with shallow trap
550/ configuration)

()]
€ 200
=}
o
© 150
100
§ A
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17.60 17.65 17.70 17.75 17.80 17.85

Energy (keV)



W Trapping magnets '

Project 8 — Phase 3and 4

Phase -3

v’ Large volume trap: 200 cm3 inside an MRI magnet
— goalm,<2eV

v’ Demonstration of atomic tritium source Vo Antenna array
Phase -4
. L. 10 T T T T T T
v'm, < 40 meV final sensitivity
Atomic T
81 T, -

Atoms 000 A e wmm—mwm———W—W— —
slow by 60
m/s across
1T step
—>

Magnetic Quadrupole
Velocity and State

Cracker Accommodator Nozzle .
Selector

n,‘*

2500 K 160K 8K

Relative probability
I

%3
|

/e
Cular triti — =
iti 1 i | 2
um recirculation and supply Patch antenna
array for digital
. — ——— beamforming
and position
reconstruction
0 1 1 1 1
-10 -8 6 -4 2 0 2

Susanne Mertens Relative Extrapolated Endpoint (eV)
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Experimental efforts

Holmes

Electrostatic (Holmium)
filter (MAC-E)

ECHo
(Holmium)

Phonons

Cyclotron
Radiation

Susanne Mertens
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Basic ldea

_

Atomic de-excitation energy
* X-ray emission Calorimetric ' \
measurement /
* Auger electrons © Auger-.
] electrons

A. De Rujula et at., Phys. Lett. B 118 (4-6) (1982)



Calorimetric measurement

E =10 keV

Thermal bath

Susanne Mertens

T

]\

tot

G

AT =1 mK

v

Advantage:
* Source = Detector

* All energy is detected

Challenge (for < 1-eV sensitivity):
 Handle > 1 Mcps total rate

» Fast signals: 1< 1 us

» Large number of detectors: > 10°

Apbyzt fm
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Experiments

EC@® H%MES

U. Heidelberg, MPIK Heidelberg, U. Milano-Bicocca, INFN Sez. Milano-Bicocca, INFN

U. Bratislava, U. Frankfurt, Sez. Genova, INFN Sez. Roma, Institute Laue-Langevin
U. Mainz, TU Dresden, Humboldt U. Berlin, in Grenoble, U. Lisboa, U. Miami, NIST in Boulder,

U. Tubingen, Institute Laue-Langevin in Grenoble, JPL in Pasadena, PSl in Villingen

ISOLDE-CERN, Nuclear Physics Institute in Russia

EBERHARD KARLS

UNIVERSITAT
]lf] TUBINGEN

sonannes GUTENBERG
UNIVERSITAT MAiNz

\\\\ -,
= iSofdz

HEIDELBERG
ZUKUNFT

eI
KERNPHYSIK
SEIT 1386 - 1 hé%
i -

NEUTRONS
FOR SCIENCE

o g, a8

St.Petersburg
University
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FCHo M|\\ |

Paramagnetic sensor
Au:Er @ 30 mK

Source

- SQUID

* low temperature metallic magnetic calorimeters (MMC) with enclosed 3Ho
A. Fleischmann et al., AIP Conf. Proc. 1185, 571, (2009)
L. Gastaldo et al., Nucl. Inst. Meth. A, 711, 150-159 (2013)

* measure temperature change via change of magnetization of sensor

e operated at 20 mK

Susanne Mertens
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Ec@

ECHo

neutrino energy (eV)
12838 2500 2000 1500 1000 500 0
107 T T T T T T T T T

T T
experiment

I 3s local + Auger

v’ excellent detector performance:
v’ energy resolution (5 eV @ 6 keV)

z
ii 10-3 H 4p ‘ “ 4pdd 3p \‘ ‘
v’ fast rise time (130 ns) ER i ‘ﬁ |
= |l I |
v' low background (~10* events/eV/pixel/day) 3 | ) 1 ‘H f
5 L] I
v" multiplexed readout g ( ‘U/ A “\ |
i 105 | “‘ [ \/ i
v first holmium spectra measured . | | "W
Phys. Rev. Lett. 119, 122501 (2017) 2 ”' B ! 'l“, [y w *
o i It
- : : - R i | N1
v refined calculation of the holmium spectrum 107 - - - o e

M. Braﬁ, PhyS.Rev.C 97 (2018), arXiv:2002.05989 [nUCl-th] (2020) excitation energy (eV)

v first limit on the neutrino mass: m(v,) < 150 eV (95% C.L.) —
C. Velte et al., Eur. Phys. J. C 79 (2019) 1026

Susanne Mertens
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Ec@

ECHo -— Schedule

L - I |

: s . 90.00% C.L.

- ECHO-1k- | ® -® 95.45% C.L.|.
oo ffile-e 99.73% C.L. [

* ECHo-1k (running, finished 2020)
» ~1 Bqg/pixel, ~100 detectors
e goal: 20 eV sensitivity

. ECHo100k(npreparation, start2021) 3 | N
* 10 Bqg/pixel 12,000 detectors - IR A R A Y R AR N AR R A
e goal: 1 eV sensitivity (3 years) ¥

* ECHo-10-MBa: FHENE EER O 1o 1 LR A O R SR
. goal:Iowsub_eVSenS|tiV|ty S R I S S O S S S S S-S S - B S B

10_1ffi: I I I TR R
10° 10%° 10 10 10% 104 10%° 10'°

Total statistics N_,

Susanne Mertens



H % M E s J Low Temp Phys 184, 922929 (2016)

Key features:

v/ transition edge sensors (TES) — NIST
J Low Temp Phys 184, 492—-497 (2016)

v’ microwave multiplexing (WMUX) — NIST
JINST 14 (2019) P10035

v’ successful test of integrated detector and
read-out system in cryostat

v’ energy resolution (4.5 eV (FWHM) @ 6 keV)
v’ fast rise time (+ efficient pile-up detection)
v low background (~10events/eV/pixel/day)

Susanne Mertens
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H%M ES

custom system to introduce Ho in absorber

Approach: o
* high activity (300 Bq) per pixel 80/2021 HOLMES:
* less detectors © 100 Bqg/pixel x 1 000 pixels
* less stringent background requirement ©
6.0

* need advanced pile-up rejection algorithms ®

* optimization for high-dose 1®3Ho implantation

»
o

* 1-eV sensitivity to be reached in a few years
(~100 Bg/pixel and 1000 pixels)

n
(=)

* compare HOLMES vs. ECHo approach to find
optimal path to the low sub-eV sensitivity

m,, statistical sensitivity 90% CL [eV]

o
o

1 2 3 5 10 20 3 5(
measuring time [month]

ECHo:
10 Bqg/pixel x 10 000 pixels

Susanne Mertens



Experimental efforts

Susanne Mertens

|

Cyclotron
Radiation

|

Electrostatic
filter (MAC-E)

|

Ptolemy
(Tritium)

s Ll
« - .
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Very interesting ideas to
combine the best of all
technologies
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Summary

KATRIN

* World-leading limit on neutrino mass from direct measurements
* Improved plasma understanding, reduced background

* Low sub-eV limit (0.2 eV) to be reached in about ~5 years
Project 8

* Proved a completely new concept via frequency measurement
 Successful first tritium measurements

e Sub-eV challenge: large-scale volume trap

ECHo & Holmes

 Demonstrated excellent performance of micro-calorimeters
e Successful first holmium measurements and improved theoretical calculations

e Sub-eV challenge: Scaling-up to high-activity and large number of detectors

Susanne Mertens
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